Abstract -The objective of this study was to evaluate the immobilization of lipase on a chitosan support by physical adsorption, aiming at its application in hydrolytic and synthetic reactions. Two types of chitosan (flakes and porous) were used for immobilizing lipase from a microbial source (Candida rugosa) and animal cells (porcine pancreas). The best results for recovery of total activity after immobilization were obtained for microbial lipase and porous chitosan beads. This set was selected for further immobilization studies, including full characterization of the immobilized derivative in aqueous and organic media. In aqueous medium, the operational and thermal stabilities of this preparation were quantified. In organic medium, the direct synthesis of n-butyl butyrate in organic solvent was chosen as a model reaction. The influence of several parameters, such as temperature, initial butyric acid concentration and amount of enzyme in the reaction system, was analyzed. Production of n-butyl butyrate was optimized and an ester yield response equation was obtained, making it possible to predict ester yields from known values of the three main factors. Use of this immobilized preparation was extended to the direct esterification of a large range of carboxylic acids (from C 2 to C 12 ) with a variety of alcohols (from C 2 to C 10 ).
INTRODUCTION
Existing limitations on the synthesis of chemical intermediaries/products of commercial interest can be overcome to advantage with biotransformations. Enzymes have become a powerful catalytic tool in a wide variety of chemical processes (Dordick, 1989; Faber, 1997) . Group of industrially useful enzymes is the lipases, which are hydrophobic proteins that act on carboxylic acid esters, such as glyceride lipids, at the interface between an aqueous and an oil phase. This represents approximately 20% of the biotranformations used today (Faber, 1997) .
For many applications enzymes are preferably used in an immobilized state in order to easily separate the catalyst from the product steam. With immobilized lipases, improved stability, reuse, continuous operation, the possibility of better control of reactions and hence more favorable economical factors can be expected (Frense et al, 1996; Tischer and Wedekind, 1999) . Many different methods of enzyme immobilization are available, each involving a different degree of complexity and efficiency (Malcata et al, 1990) .
The high cost of popular supports (silica-based carriers and synthetic polymers) causes many to search for a cheaper substitute such as CaCO 3 (Rosu et al, 1998) , rice husk and rice straw (Tantrakulsiri et al, 1997) or chitin and chitosan (Krajewska, 1991; Felse and Panda, 1999) . Of these alternatives, the derivative of chitin, chitosan, appears to be the most attractive since chitin is the second the most abundant biopolymer in nature next to cellulose (Krajewska, 1991) . In addition, this support offers several advantages as an enzyme immobilization carrier, among which the following stand out: versatility of available physical forms (flakes, porous beads, gel, fiber and membrane); low biodegradability; low cost; ease of handling; high affinity for proteins and, above all, nontoxicity (Felse and Panda, 1999) . Moreover, good results were obtained in a number of previous studies in which chitosan was used to immobilize lipase (Itoyama et al, 1994; Carneiro da Cunha et al, 1999) and other hydrolases such as amyloglucosidase, papain, β-glycosidase and α-L arabinofuranosidase (Krajewska, 1991; Felse and Panda, 1999) . To pursue our interest in the immobilization and subsequent use of lipases Soares et al, 1999) , we studied the feasibility of using chitosan as matrix for immobilizing microbial lipases. The immobilization criteria were based on the use of a low-cost method of loading enzyme onto the support. The chosen method of immobilization was simple adsorption, whereby the enzyme adheres to the surface of the support particles by van der Waals forces of attraction. Two lipase sources were tested and the efficiency of immobilization was assessed for recovery of both protein and hydrolytic activity. The best lipase source was selected for further studies, including full characterization of the immobilized derivative in aqueous and nonaqueous media. This paper reports the research developed as a Master´s thesis at the State University of Maringa and the School of Chemical Engineering of Lorena (Pereira, 1999) , which won the OPP-ABEQ award in 2002. Part of this work has already been published (Pereira et al, 2001; Pereira et al, 2002) .
MATERIALS AND METHODS

Materials
Commercial Candida rugosa lipase (Type VII), porcine pancreas (Type II), bovine serum albumin (BSA) and chitosan in flake form were purchased from Sigma Chemical Co. (St Louis, MO, United States). Porous chitosan beads, supplied by SP Chemical Farma Ltda (Lorena, SP, Brazil), had the following characteristics, according to the manufacturer's information: 93% purity, 6% moisture and particle size 40 mesh. Olive oil (low acidity) was purchased at a local market. Solvents were standard laboratory grade and other reagents were purchased either from Aldrich Chemical Co. (Milwaukee, WI, USA) or Sigma Chemical Co. (St Louis, MO, USA).
Immobilization of Lipase on Chitosan
Lipase was immobilized by physical adsorption on chitosan following a previously developed methodology (Carneiro da Cunha et al, 1999) with slight modifications. Chitosan in natura (2 g) had been previously soaked in hexane under agitation conditions (100 rpm) for 1 hour. Then, excess hexane was removed followed by the addition of 0.5 grams of powder lipase dissolved in 10 mL of distilled water. The lipase was on the support under agitation for 3 hours at room temperature followed by an additional period of 18 hours under static conditions at 4°C. The derivative was filtered (Whatman filter paper 41) and thoroughly rinsed with hexane. Analyses of hydrolytic activities carried out with the enzyme offered for immobilization, and immobilized preparations were used to determine the activity yield by dividing catalytic activity by lipase loading (units.g -1 support). Further experiments were carried out to determine appropriate lipase loading by using a fixed amount of support (3 grams, dry weight) for different amounts of enzyme (0.3 to 3 grams lipase).
Protein Assay
Protein was determined according to Bradford´s method (Bradford, 1976) using bovine serum albumin (BSA) as the standard. The amount of bound protein was determined indirectly from the difference between the amount of protein introduced into the coupling reaction mixture and the amount of protein in the filtrate and the washing solutions.
Hydrolysis Assay
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Hydrolytic activities of free and immobilized lipase were assayed by the olive oil emulsion method according to the modification proposed by . One unit (U) of enzyme activity was Operational Stability of the Immobilized Lipase defined as the amount of enzyme necessary to produce 1 µmol of free fatty acid per min under the assay conditions (37°C, pH 7.0, 150 rpm).
The operational stability of the immobilized system was assayed by using 0.5 gram of immobilized lipase (dry weight) in either olive oil hydrolysis or butyl butyrate synthesis in successive batches. At the end of each batch, the immobilized lipase was removed from the reaction medium and washed with hexane to remove any substrate or product retained in the matrix. One hour later (length of time required for evaporation of the solvent), the immobilized lipase was introduced into a fresh medium. Activities were estimated at the end of each cycle and expressed as µmol.min -1 .mg of catalyst. The biocatalyst half-life (t 1/2 ) was determined by applying the inverted linear decay model (Fonseca et al, 1993) .
Esterification Assay
Reaction systems consisted of heptane (20 mL), n-butanol (250 mM), butyric acid (300 mM) and immobilized lipase (1.0 gram, dry weight). The mixture was incubated at 37°C for 24 hours with continuous shaking at 150 rpm. The amount of product formed was determined by gas chromatography. Activity was expressed as µmol of butyl butyrate formed per minute per gram of dry support.
Catalytic Properties of Lipase Preparation in an Aqueous Medium
Analytical Methods Free and immobilized hydrolytic activities were estimated with reaction mixtures containing 100 mM of the sodium phosphate buffer at different pH values in the range of 3.0 to 9.0 at 37°C. The effect of temperature on both lipase activities was determined at temperatures from 30 to 65°C under assay conditions. For determination of thermal stability, either free or chitosan lipase preparations were incubated in 2 mL sodium phosphate buffer (pH 7.0) at different temperatures (40-60°C) for 1 hour. Samples were removed and assayed for residual activity as previously described, taking an unheated control to be 100% active.
Reactions were monitored by measuring reactants and product concentrations by gas chromatography using a 6ft 5% DEGS on a Chromosorb WHP 80/10 mesh column (Hewlett Packard, USA) and hexanol as the internal standard. Water concentrations in liquid and solid phases were measured by the Karl Fischer method using the Karl Fischer tritrator (Mettler DL 18). Fatty acid concentrations were titrated with 0.02 M potassium hydroxide solution with phenolphthalein as an indicator.
RESULTS
Catalytic Properties of Lipase Preparation in a Nonaqueous Medium Influence of Lipase Source and Chitosan Type on Efficiency of Immobilization
The butanol and butyric acid system was first studied by using a full 2 3 factorial design at two levels. The influence of temperature (37 and 50ºC), amount of lipase (0.25 and 0.5 grams) and molar ratio of butanol to butyric acid (1 and 2) on the variable response (yield of ester %) was determined. Three runs were carried out at the center point level for estimation of experimental error. The results were analyzed by Statistic (version 6.0) software. Table 1 summarizes the protein and activity recovery results for immobilization of both lipase sources on two types of chitosan using a fixed ratio between support (2.0 grams) and enzyme (0.5 gram). Of the two chitosan forms (flakes and porous beads), porous chitosan beads (PCB) showed the most favorable morphological properties for immobilization of both lipase preparations. It is likely that internal mass transfer occurred when the chitosan flake type was used, as lipase reaction rates tend to decrease with increasing particle size. The highest percentages of protein recovery (78.4%) and catalytic activity (15%) were obtained by microbial lipase when immobilized on porous chitosan beads at a lipase loading of 360 units.gram -1 dry support.
The selectivity of the immobilized lipase was also tested by running two sets of esterification reactions: (a) butanol and different carboxylic acids (C 2 to C 12 ) and (b) butyric acid and different aliphatic alcohols (C 2 to C 10 ). Reaction took place in 100 mL closed flasks, containing an appropriate amount of reactants and immobilized lipase, for 24h under shaking (150 rpm) at 37°C.
Further experiments were carried out to determine the effects of carrier loading on immobilization of Candida rugosa lipase on PCB.
We studied the influence of the amount of lipase in aqueous solution in the range of 48 to 480 units.g -1 support. Results are displayed in Figure 1 . As expected, the hydrolytic activity of the immobilized enzyme increased as more lipase was loaded onto the support, but when converted to an efficiency plot (activity/loading), higher efficiencies were obtained at lower loadings (120 units.g -1 support). The results also suggest that for loadings over 240 units.g -1 support, instead of obtaining the desired crowded upright adsorption of enzyme onto the support surface, multilayer adsorption may occur, possibly blocking or inhibiting access to enzyme active sites. Therefore, most of the other experiments were carried out with immobilized preparation at lipase loadings of 120 units.g -1 of dry chitosan. 
Characterization of Immobilized Lipase for Utilization in Aqueous Medium
Immobilization of enzymes on charged supports often causes displacements in the pH activity profile, ascribed to an imbalance in the partitioning of H + and OH -concentrations between the microenvironment of the immobilized enzyme and the bulk phase due to electrostatic interactions with the support. To verify the effect of immobilization upon the intrinsic activity of Candida rugosa, a set of experiments was carried out in which a new optimum value was established, as shown in Figures 2 to 5 .
A slightly lower value for optimum pH (6.0) was found for the immobilized form than that attained for the free lipase (7.0) (Figure 2) . The optimal reaction temperature shifted from 40°C to 45°C for the chitosan lipase, as observed in Figure 3 . The patterns of heat stability indicate that the immobilization process tends to stabilize the enzyme (Figure 4) .
The values of energy of activation, calculated by the Arrhenius equation, are presented in Table 2 and indicate that the immobilized form of the enzyme has an energy of activation lower than that of the free enzyme, with the PCB lipase having the lowest energy of activation. Activation energy lower than that of the free enzyme can be considered to be indicative of diffusion resistance of product and substrate in the case of the immobilized enzyme.
The influence of substrate concentration on hydrolytic activities was also analyzed for free and immobilized lipase in oil emulsions containing total fatty acids varying from 372 to 2604 mM ( Figure 5  a-b) . Plotting activity versus substrate concentration indicated that free lipase obeys the MichaelisMenten equation, indicating that in the range studied, no inhibition by reaction products was detected (Figure 5a ). For the case of the PCB lipase, different behavior was observed and a slight reduction in activity was detected for fatty acid concentrations higher than 1860 mM (Figure 5b ). This can be indicative of substrate inhibition or diffusion resistance. The parameters of the Michaelis-Menten kinetic equation were determined from the double reciprocal plot of lipase activities ( Reactions were carried out with olive oil emulsion at different proportions at pH 7.0 and 37ºC. 
Characterization of Immobilized Lipase for Utilization in Organic Medium
To study the properties of lipase immobilized on porous chitosan beads in organic medium, a direct esterification of butanol with butyric acid was first studied. A factorial design was performed to identify the factors that influence ester synthesis and to verify whether any changes should be made in their settings to improve this reaction (Box et al, 1978) .
As shown in Table 4 , the ester yield (Y%) varied widely (from 26.9 to 73.1%) and independently of the other variables, increasing the lipase level from 0.25 to 0.5 grams substantially increased the ester yield from 26.9 to 57.7 (runs 1 and 3) . A further increase in ester yield was dependent on the other factors. Run 7 (high level of molar ratio and low level of temperature) gave the highest ester yield (73%). Therefore, of the three factors studied, temperature (x 1 ), lipase level (x 2 ) and substrate molar ratio (x 3 ), all seem to have played a critical role in the butyl butyrate synthesis. Table 5 summarizes results of the statistical analyses and shows standard errors and Student's ttest values for the yield factor (Y%). According to the Student's t-test results, the most important factor was the initial lipase concentration (x 2 ), which had a highly significant effect (99% -confidence level). The effects of temperature (x 1 ), molar ratio (x 3 ) and interaction (x 2 x 3 ) were also significant (p < 0.05).
Table 5 also reveals that while substrate molar ratio (x 3 ) had a significant positive effect (p < 0.05), temperature exerted a negative influence on ester yield. The influence of temperature is in agreement with thermal stability data for this immobilized lipase preparation in aqueous medium (Pereira et al, 2001 ). The results also suggest that the PCB lipase, like other preparations, is greatly influenced by substrate molar ratio in formation of the product. For example, studying the same reaction system with Lipozyme as the catalyst, verified that the molar ratio between butanol and butyric acid was a critical factor for attaining a high yield of butyl butyrate, requiring an amount of butyric acid on the order of 1.5 times that of butanol.
The main effects were fitted by multiple regression analysis to a linear model, and the best fitting response function can be demonstrated by Eq. (1). 
where is ester yield (%) and x ŷ 1 , x 2 and x 3 are temperature, lipase loading and molar ratio, respectively. The statistical significance of this model was evaluated by the F-test (Table 6) , which revealed that this regression is statistically significant at a 99% -probability level. The model did not show lack of fit, and the determination coefficient (R 2 =0.99) indicates that the model can explain 99% of the variability.
According to this study, the maximum ester yield can be obtained at the lowest level of temperature (37°C), highest level of lipase concentration (0.5 grams) and middle level of initial acid/alcohol molar ratio (1.5). The run conducted to study particular conditions arising from the results of the experimental design attained a concentration of 26 grams butyl butyrate/L, which corresponds to a yield of 83%. A detailed presentation of the optimum value predicted from the results using the response surface model is given in Figure 6 .
Further experimental runs were also carried out by testing a large range of carboxylic acid (from C 2 to C 12 ) with a variety of alcohols (from C 2 to C 10 ).
The analysis in Table 7 shows that after 24 h, the different acids tested (C 2 to C 12 ) achieved similar conversions of butanol in the range of 40-45%. The only exception occurred for acetic acid, and in this case butanol was not consumed. This is in agreement with data reported by Oguntimein et al. (1995) and who used Lipozyme (immobilized lipase preparation manufactured by Novozymes). The presence of acetic acid in the reaction medium may cause modification of the original hydration state of the enzyme or of its structure, resulting in partial or total inhibition of the immobilized enzyme. Table 7 also shows that the different alcohols (C 2 to C 10 ) resulted in butyric acid conversions higher than 40%, except for ethanol in which case only 26% of the butyric acid was converted. This result can probably be explained by the high dehydration capacity of ethanol, which causes similar but weaker effects than acetic acid.
Operational Stability
The immobilized lipase was used repeatedly in hydrolytic and synthetic batch reactions (Figures 7 ab) . In the olive oil hydrolysis (10 min/ 37°C) a halflife of 4.34 hours was observed (Figure 7a ). For the esterification reaction of butanol with butyric acid (24 hours/ 37°C), a slow decrease in the esterification activity was verified with a total reduction of 83% at the end of the seventh recycle, corresponding to a half-life (t 1/2 ) of 86 hours ( Figure  7b ).
The contrasting behavior for hydrolytic and synthetic activities suggests that desorption of the enzyme from the support occurred only in aqueous medium. In organic medium it appears that reactants and product bind to the solid enzyme phase, resulting in drastic changes in the enzyme esterification activity for the next cycle. Therefore, techniques allowing the removal of these potential inhibitors from the enzyme solid phase are expected to improve the operational stability of the immobilized lipase on chitosan beads. In this work, hexane was used as a solvent based on previous studies that demonstrated its feasibility to dehydrate immobilized lipase preparations for consecutive batch runs . Further research should be carried out in order to study other dehydration techniques (Yahya et al, 1998) such as sparging air through the enzyme, use of molecular sieves or washing with polar solvents (e.g., acetone). Initial activities A (68.4 units.mg -1 ) and B (250 µmol.mg -1 .min -1 ) were defined as 100%.
CONCLUSIONS
Selection of an immobilization strategy is based on process specifications for the catalyst, including such parameters as overall enzymatic activity, effectiveness of lipase utilization, deactivation and regeneration characteristics, cost of the immobilization procedure, toxicity of immobilization reactants and the desired final properties of the immobilized derivative. Some types of support may impose limitations for application of the immobilized lipase on either hydrolysis or esterification reactions.
Enzyme immobilization by physical adsorption traditionally refers to binding of the enzymes via weak attraction forces to an inert carrier that has not been chemically derived. Since the carrier is directly involved in binding to the enzyme, both morphological and physical characteristics play important roles. In the present work, flakes and porous chitosan beads were used as the support for immobilizing lipase from different sources. PCB showed a favorable configuration for immobilizing both lipase preparations by maintaining the enzyme´s conformation and its active site, since no chemical species were involved in the adsorption step.
The successful adsorption of microbial lipase on PCB was achieved by placing the powder enzyme on chitosan polymer previously soaked in hexane. The loading 120 units.g -1 support was shown to be effective, resulting in a uniform load of enzyme with satisfactory degree of enzyme fixed. The experimental results show that free lipase has an optimum pH of 7.0 at 40°C temperature, while the immobilized enzyme at the same temperature has an optimum pH of 6.0. The thermal stability of the immobilized lipase was higher than that of the free one. Kinetic parameters obtained based on the activity curve as a function of substrate concentration indicated that the free enzyme obeys the Michaelis-Menten equation, while PCB lipase obeys a typical substrate inhibition kinetics. In addition, reduction in activity can still be related to diffusion limitations.
The experimental design has been demonstrated to be effective in the study of the variables in the formation of butyl butyrate. A response equation has been obtained for the ester yield. From this, it was possible to predict the operation conditions required to obtain a defined amount of ester. Initial amount of biocatalyst and substrate molar ratio have positive influences on synthesis, while temperature and molar ratio-temperature interaction have negative influences on the process. The most significant effect was that of initial amount of biocatalyst, although there are other factors, such as temperature and substrate molar ratio, which should be considered.
The immobilized system with an average activity of 50 U.mg -1 dry support was shown to have suitable catalytic properties for carrying out both hydrolysis (hydrolysis of olive oil) and esterification reactions (butyl butyrate synthesis or similar esters) as summarized in Table 8 . 
